The compressibility of an iron-bearing magnesite (Mg 0.87 Fe 2+ 0.12 Ca 0.01 )CO 3 was determined by means of single crystal diffraction up to 64 GPa. Up to 49 GPa the pressure-evolution of the unit cell volume of the solid solution with 12% of Fe 2+ can be described by a third-order Birch-Murnaghan equation of state with parameters V 0 = 281.0(5) Å 3 , K 0 = 102.8(3) GPa, K 0 = 5.44. The spin pairing of the Fe 2+ d-electrons occurs between 49 and 52 GPa, as evidenced by a discontinuous volume change. The transition pressure is increased by about 5 GPa compared with the iron end-member; an effect consistent with a cooperative contribution of adjacent clusters to the spin transition. The trend is, however, opposite in the periclase-wüstite solid solution. Differences among the two structures, in particular in the Fe-Fe interactions, that might explain the different behavior are discussed.
Introduction
The study of the high-pressure behavior of Fe-bearing carbonates is relevant to the deep Earth carbon cycle, and constitutes an interesting case study of the structural effect of the pressureinduced spin pairing of Fe 2+ d-electrons on mantle minerals. Whether or not carbonates survive the subduction process and reach the deep mantle is still under debate. While magnesite, MgCO 3 , is stable up to lower mantle pressure-and temperature-conditions [1] , its stability in association with mantle minerals is controversial [2, 3] . The discovery of carbonate inclusions in diamonds of deep mantle origin [4] suggests that carbonates do exist, at least under particular conditions, in the deep Earth. The occurrence of the spin pairing transition of Fe 2+ in siderite (Sd) was discovered by means of X-ray emission spectroscopy [5] , then modeled from first principles calculations [6] , and further investigated by means of single crystal diffraction [7] . The spin pairing of the Fe d-electrons was predicted to have occurred in mantle minerals about 50 years ago [8] but was observed only recently [9] . The spin pairing has important consequences for the physical properties of the mantle minerals and for the Fe partitioning. Given the complexity of natural systems, it is necessary to understand thoroughly the effect of T , P , composition, and structure on the occurrence and width of the spin transition [10, 11, 12] . Rhombohedral carbonates are among the few minerals where the concentration of mixed valence substitutions is negligible. Because of the symmetry constraints the six metal-ligand bond distances of the Fe 2+ coordination sphere are equal, with only trigonal distortion of the octahedra allowed. Some of the factors usually complicating the behavior of the electronic phase transition, such as mixed valence for Fe 2+ and the presence of structural sites of different size and geometry are conveniently absent in carbonates. In this work we study the effect of the Fe 2+ concentration on the transition pressure. The composition of the iron-bearing magnesite (Fe-Mgs) selected for this study was chosen to be close to plausible mantle carbonate composition.
Experimental
The specimen chosen for the experiment is an iron-bearing magnesite from Tyrol (Austria), and was obtained from the RRUFF Project collection (http://rruff.info/R050676). Microprobe data from the RRUFF database lead to the structural formula (Mg 0.87 Fe 2+ 0.12 Ca 0.01 )CO 3 . The high pressure experiment was performed with a four-pin diamond anvil cell (DAC) equipped with a pair of one-third carat standard cut diamonds with 0.3 mm culet size. A Re foil, used as gasket material, was indented to a thickness of 35 μm, then a 120 μm diameter hole was drilled. A cleavage rhombohedron about 7 μm thick and 15 μm across was positioned at the center of the culet; a ruby sphere and gold powder were placed nearby to evaluate the pressure. After collecting the data at ambient pressure with the sample in the unsealed DAC, the sample chamber was filled with Ne at 172 MPa using the GSECARS/COMPRES gas loading system. Data were collected at the Advanced Photon Source (APS), Sector 16 (HPCAT), at the 16BMD station. A monochromatic beam of 33 keV was focussed to a spot size of about 8 × 15 μm 2 . The diffraction patterns were collected in the omega-scan mode (±15
• ) using a MAR345 IP detector. Data were collected at three χ angles (χ 1 = 0
• ) randomly set at each pressure step. At each χ angle a different set of reflections was sampled, changing χ might result in slightly more scattered data but ensures better accuracy. Diffraction peaks are symmetric and sharp up to the highest pressure reached (Figure 1(a) ). For the data processing, the software FIT2D [13] , GSE_ADA, and RSV [14] were used. A data set of 31 compression points was collected in the range 0-64 GPa (Table 1) . Pressure was calculated from the 300 K isotherm of gold [15] . An example of the distribution of peaks in reciprocal space and the orientation of the cell in the laboratory reference system is shown in Figure 1 The notation χ 1-3 refers to the χ angle at which the data were collected. Data were collected at three χ angles (χ 1 = 0
Results and discussion
In siderite containing 25% magnesite, the spin transition occurs at about 43 GPa with a concomitant volume decrease of 10% [7] . In Fe-Mgs, the small discontinuity in the compressibility (Figures 2  and 3) shows that the electronic transition occurs between 49 and 52 GPa. Change in color, very pronounced in siderite [7] , was not observed in Fe-Mgs. It is likely that the lower Fe concentration and thinner crystal made the coloration less pronounced. The compressibility of Fe-Mgs has been evaluated by fitting the K 0 parameter of the thirdorder Birch-Murnaghan equation of state (EOS) to the P -V data in the range 0-49 GPa [16] . K 0 was fixed to 5.44, the value recently proposed for pure magnesite [17] . The value obtained for K 0 , 102.8(3) GPa, is slightly larger than the value for pure magnesite, 97.1(5) GPa [17] , and in agreement with the increase in bulk modulus expected for the Fe concentration along the Mgs-Sd solid solution previously observed [18] . The axial compressibility, fitted with the same formalism but using the cubic power of the lattice parameters [16] , and fixing K 0 to the values for magnesite [17] [K 0 (a) = 8.3(4); K 0 (c) = 3.6(1)], is described by K 0 (a) = 131(1) GPa and K 0 (c) = 65.4(7) GPa. The large anisotropy of compression has clear structural reasons, as the small and rigid CO 3 units connected through faces of the octahedra are oriented perpendicular to the c-axis, with the compression along the a-axis hindered by the rigid C-O bonds and O-O Figure 2 . Volume compressibility of Fe-magnesite. The blue curve shows the third-order Birch Murnaghan EOS fitted to the data up to 49 GPa, and the green curve represents the pure magnesite EOS [17] . The size of the symbols roughly correspond to the error bar (color online).
repulsion. Conversely, no bond or edge is parallel to the c direction; as a result, the c-axis is three times more compressible than the a-axis. The volume of siderite in the low spin state is slightly smaller than the volume of magnesite at the same pressure [7] . After the spin transition the volume behavior of the Fe-magnesite is equal, within uncertainties, to that of magnesite (Figure 2) .
The shift of the spin transition to higher pressure is opposite to the behavior observed for the periclase-wüstite solid solution [19] . There are important structural differences between the two minerals that might be responsible for their opposite behavior. A different pressure of the spin transition between the two minerals can be attributed to the different strength of the ligands (cf. the spectrochemical series), while the different behavior with dilution might be due to different Fe-Fe interactions and/or local strain induced by the size mismatch of neighboring clusters. While the first Fe 2+ coordination sphere differs only slightly between the two structures, with a regular octahedron in the oxide and a slightly trigonally distorted octahedron in the carbonate, the Fe-Fe coordination sphere differs substantially. In ferropericlase, octahedra share all their 12 edges with their neighbors, resulting in a short distance between octahedral cations (about 3 Å at ambient pressure) which implies that even at relatively low Fe concentration there is a strong Fe-Fe interaction, which will increase with pressure. In the carbonate, adjacent octahedra share only their six corners, with a distance between octahedral cations of about 3.3 Å at ambient pressure. As a result, the Fe-Fe nearest-neighbor interaction is weaker in the carbonate than in ferropericlase. Furthermore, the number of interactions decreases twice as fast with Fe dilution compared with ferropericlase, where the transition pressure increases strongly with the Fe content. In the pure iron carbonate, first principle calculations show that after the spin transition the Fe-Fe interaction becomes a weak bonding [6] . If the Fe-Fe interaction contributes to the spin pairing transition either via bonding or strain, its effect would rapidly decrease with Fe dilution in the carbonate, then it is plausible that a greater pressure, further decreasing the Fe-O distance and increasing the spin pairing energy, might be required in a diluted Fe carbonate with respect to a concentrated one. Conceivably in ferropericlase the repulsion between adjacent HS-Fe 2+ inhibits the spin pairing by imposing an anomalously large Fe-O bond length [20] . At ambient pressure the distance is 2.167 Å [21] and 2.144 Å in wüstite (extrapolated) and siderite, respectively. In the dilute sample instead, the Fe-Fe repulsion is decreased and, if the structure is not relaxed at the level of the first coordination sphere, the strain imposed by the small Mg cation reduces the local Fe-O bond length in ferropericlase, reducing the external pressure required for the spin pairing. In terms of Fe-Fe coordination, perovskite is closer to siderite, and indeed shows an increase in the transition pressure with dilution [22] , however in the silicate, the lower symmetry and the mixed-valence isomorphous substitutions further complicate the scenario.
Conclusion
Fe dilution in the solid solution between siderite (FeCO 3 ) and magnesite (MgCO 3 ) induces a shift of the spin pairing transition to higher pressure. This behavior is consistent with a cooperative effect among adjacent clusters, the smaller the Fe concentration, the smaller the number of Fe-Fe interactions, whether controlled by bonding or lattice strain. We note that in the periclase-wüstite solid solution the effect of Fe-dilution is opposite [19] , possibly because the Fe-Fe repulsion and the strain induced by the smaller Mg atoms play a significant role.
